Central-place foraging seabirds alter the availability of their prey around colonies, forming a ''halo'' of reduced prey access that ultimately constrains population size. This has been indicated indirectly by an inverse correlation between colony size and reproductive success, numbers of conspecifics at other colonies within foraging range, foraging effort (i.e. trip duration), diet quality and colony growth rate. Although ultimately mediated by density dependence relative to food through intraspecific exploitative or interference competition, the proximate mechanism involved has yet to be elucidated. Herein, we show that Adélie penguin Pygoscelis adeliae colony size positively correlates to foraging trip duration and metabolic rate, that the metabolic rate while foraging may be approaching an energetic ceiling for birds at the largest colonies, and that total energy expended increases with trip duration although uncompensated by increased mass gain. We propose that a competition-induced reduction in prey availability results in higher energy expenditure for birds foraging in the halo around large colonies, and that to escape the halo a bird must increase its foraging distance. Ultimately, the total energetic cost of a trip determines the maximum successful trip distance, as on longer trips food acquired is used more for self maintenance than for chick provisioning. When the net cost of foraging trips becomes too high, with chicks receiving insufficient food, chick survival suffers and subsequent colony growth is limited. Though the existence of energetic studies of the same species at multiple colonies is rare, because foraging metabolic rate increases with colony size in at least two other seabird species, we suggest that an energetic constraint to colony size may generally apply to other seabirds.
Central-place foraging seabirds deplete or reduce the availability of prey around colonies, a fact leading to proposals that the size of such ''halos'' of available prey ultimately regulates population size (Storer 1952 , Ashmole 1963 , Birt et al. 1987 ). An inverse correlation is often evident between colony size and reproductive success, numbers of conspecifics at other colonies with overlapping foraging ranges, and diet quality (Furness and Birkhead 1984 , Hunt et al. 1986 , Lewis et al. 2001 , Forero et al. 2002 , Ainley et al. 2003a , 2004 , Hipfner et al. 2007 ). In addition, interference competition for limited prey leads to higher foraging effort (longer trips both in distance and time) for individuals in larger colonies (Lewis et al. 2001 , Ainley et al. 2003a , 2004 , and slower colony growth (Lewis et al. 2001 , Ainley et al. 2004 ). The proximate mechanism responsible for any of these relationships heretofore has been unknown.
In the southwestern Ross Sea, Antarctica, where about 9% of the world population of Adélie penguins Pygoscelis adeliae nests in four colonies, we investigated possible mechanisms involved in population regulation by directly measuring the effect of colony size on the energetic cost of foraging. The Ross Sea is the last continental shelf ecosystem on Earth yet to be altered by over-fishing, whaling, wide-spread pollution or introduction of alien invasive species (Ainley 2002a , Smith et al. 2007 , and, therefore, offers an unparalleled opportunity to investigate ecological interactions free of direct anthropogenic influence (e.g., Furness 2002 , Ö sterblom et al. 2006 , Crawford 2007 ). Three of the study colonies, all on Ross Island, have been the subject of simultaneous, extensive study (Ainley et al. 2004 ). Cape Crozier is one of the six largest Adélie penguin colonies in the world, with Â135,000 breeding pairs. Capes Bird and Royds are orders of magnitude smaller, supporting 47,000 and 4,000 breeding pairs, respectively. Recently, all three colonies have changed in size, but at different rates inverse to colony size, a pattern similar to seabird colonies elsewhere (e.g., Lewis et al. 2001) . Size in 1997 compared to 1970 was 260% greater for Cape Royds, 160% greater for Cape Bird, and 114% greater for Cape Crozier (Ainley et al. 2004) . None of these colonies are space-limited but the lower growth rate at the largest colony seems to indicate approach of a ceiling, whereas the smallest colony, at least through the years of this study, continued to grow unrestrained. Ainley et al. (2003b) showed that prey quality (diet composition) is equivalent among these colonies, and surmised that prey abundance was as well given the direction of ocean currents; Ainley et al. (2006) found that prey availability is affected for these colonies by the number of foraging whales. Herein, we report field metabolic rate (FMR) and total energy expended (TEE) for time at sea during a foraging trip, measured using doubly-labeled water (Nagy 1980) , and relate these measures to colony size. We conclude that colony size is limited proximately by the increasing energetic cost of obtaining food. The intercolony comparison that we were able to accomplish was based on a sample size (n 040), that was much higher than in most other studies using this technique, the limiting factor usually being the cost of doubly-labeled water.
Methods

Study area
We conducted research at two colonies on Ross Island (778 30'S, 1688 W) during the reproductive seasons of : Cape Crozier (137,135 breeding pairs in 1999 and Cape Bird (45,449 and 21,607 breeding pairs in 1999 and 2001, respectively; Ainley et al. 2004 ; the lower population size in 2001 was related to more difficult sea-ice conditions, requiring more walking, before and during the egg-laying season). We captured adults leaving the colony, apparently intending to begin a foraging trip. All study birds had at least one chick at the crèche stage.
Collection of samples
Upon capture of each bird, 1Á3 ml of blood was collected from the jugular vein using a 3-ml syringe and a 22-gauge, 2.5 cm needle, and 0.95 ml water labeled with 95 atom% 18 O and 99.9 atom% 3 H was injected into the dorsal side of the upper thigh (gluteus maximus and sartorius muscles). This muscle was chosen, rather than any swimming muscles, to avoid compromising swimming ability Wilson 1992, Wilson and Culik 1995) . Birds were then weighed, fitted with transmitters (Ballard et al. 2001) , and put into a cardboard box with ventilation holes for a period of 3Á4.75 h to allow for equilibration of the isotopicallylabeled water (Nagy and Obst 1992) . Immediately after equilibration, a second blood sample was drawn from the opposite jugular vein and the bird was released. Birds' activity was monitored in the colony by listening for transmitter signals every hour, 10 min for each bird, around the clock. Upon return from the foraging trip, and in all but one case prior to feeding its chick, the bird was recaptured, the transmitter removed, the bird weighed, and a third blood sample was collected. The bird was then released whereupon, in most cases, it proceeded to immediately feed its chick(s). All field procedures on study animals were approved by the Committee on the Humane use and care of vertebrate animals of H.T. Harvey and Associates.
Sample analysis
Isotope concentrations in blood samples were measured using mass spectroscopy at the laboratory of Ken Nagy at the University of California, Los Angeles. To convert FMR from CO 2 production to heat production we used the following conversion factors: 25.8 kJ l
(1 CO 2 for a fish diet (Nagy et al. 1984) , and 26.0 kJ l (1 CO 2 for a krill diet (Davis et al. 1989 ). Diet sampling indicated that during our energetic study, birds were consuming a diet of 20% fish and 80% krill at Cape Bird during 1999, 53% fish and 47% krill at Cape Bird in 2001, and 64% fish and 36% krill at Cape Crozier in 1999 (Ainley et al. 2003b, unpubl. data 
Statistical analysis
To evaluate the relationship between the energetic costs of foraging and colony size, we built and evaluated two sets of models, one for FMR and one for TEE. Both model sets included the same set of explanatory variables and combinations of these variables: breeding population size (BPS; pairs )10 4 ), colony (COL; Crozier or Bird), mass change during a foraging trip (g), and log foraging trip duration (d; Table 1 ). All 16 combinations of these variables, including the intercept-only models, were evaluated (Table 2) . COL was included to evaluate whether BPS per se (vs. some other characteristic of the colonies) was an important predictor of FMR and TEE.
The models were evaluated using generalized linear modeling in an information theoretic framework, employing the Gaussian link function for FMR and the log-link function for TEE (log-link function provided more normally distributed residuals compared to Gaussian for TEE). Each model was ranked based on its Akaike's information criterion corrected for small sample size (AICc), and relative model weights were calculated (Burnham and Anderson 2002) . All models contributing to 90% of the combined model weight were considered as potentially interesting and examined further to determine if 95% confidence intervals for estimated coefficients overlapped zero. Residual plots and formal statistical tests (e.g., STATA, version 10.0 sktest; Stata, College Station) indicated that residuals were independent and normally distributed, with homogeneous variances, after log-transforming foraging trip duration, which tended to be skewed towards shorter trips (cf. Ballard et al. 2001) .
Results
Foraging trip duration (FTD) and mass change during a trip varied with colony size and year (Table 1) . Mean body mass at the start of foraging trips was similar among colonies and years, but mean mass at the end of trips varied. FMR averaged 53069201 kJ d
(1 (range 2129 Á 8581; Table 1 ), was dependent on body mass (r 2 00.32,
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F 017.564, P B0.001) and, for all but two birds, exceeded that predicted from allometric equations (Nagy et al. 1999 ; Fig. 1 ). FMR was a function of breeding population size (BPS, Table 2) . The second best model included BPS, mass change and COL, but the 95% CI for both BPS and COL included zero; the combined model weight for models including BPS was 0.555 compared with 0.433 for those including COL, indicating that BPS was the more influential predictor of FMR. All FMR models including mass change ranked higher than those without, and FMR was positively correlated with mass change (r 2 00.15, F 0 6.627, P00.014), meaning that birds that worked harder per unit of time ended up gaining more mass than those with lower metabolic rates.
TEE averaged 14,7749Ö1392 kJ (range 2195Á38,063; Table 1 ) and was a function of BPS, FTD, and mass change during that trip. The best model indicated positive effects of BPS (/b00.011; 95% CI: 0.001Á0.021), FTD (/b01.12; 95% CI: 1.01Á1.24), and mass change (/bB0.001 95% CI: 0.0001Á0.0003), with 40% of the total model weight (Table 2) . However, the second-best model competed closely, with 36% of the total model weight, and substituted COL for BPS (and also included FTD and mass change) with confidence intervals not including zero for any term (Cape Bird 10% lower TEE than Cape Crozier; 95% CI: 1Á19%). Overall, models including BPS performed slightly better than those including COL (53% vs. 48% of total model weights when combined). The third-strongest model was the global model (BPS, COL, FTD, mass change), but estimates of effect for both BPS and COL included zero, and the model weight was only 1/3 rd that of the next strongest. In this model, FTD and mass change both positively impacted TEE, but the effect of mass change was very small (FTD:b01.11; 95% CI: 0.96Á1.25; mass change:bB0.001; 95% CI: 0.0001Á0.0003). Not surprisingly, but in contrast to results for FMR, all models of TEE containing FTD ranked higher than models without, whereas mass change was not as consistently selected, and usually had a very weak effect. Therefore, although TEE increased with FTD (r 2 00.88, F 0286.571, P B0.001; Fig. 2) , compensation for longer trips in the form of increased mass gain (cf. Weimerskirch et al. 1997) was not evident.
Discussion Intraspecific variation in FMR
Debate exists about the importance of intraspecific differences (or lack thereof) in FMR. Some species seem to have a relatively invariant rate of energy expenditure, regardless of environmental conditions (Obst et al. 1995 , Golet et al. 2000 , but other species do not (Montevecchi et al. 1992) . FMR is known to vary by latitude, weather, reproductive stage and/or effort, food availability, and activity mode (Ellis and Gabrielsen 2002) . Perhaps the single most relevant factor affecting FMR is the allocation of time among various activities (Birt-Friesen et al. 1989 , Chappell et al. 1993 . Differing rates of energy expenditure for birds engaged in travel, prey capture, or resting at sea or on a colony, can cause FMR values within the same species to vary substantially, so, ideally, intraspecific comparisons of FMR should control for activity.
FMR has been measured using doubly-labeled water for Adélie penguins at sea at the same reproductive stage in this and three other studies , Chappell et al. 1993 , Culik and Wilson 1992 , a fourth measured birds at a slightly earlier breeding stage (Nagy and Obst 1992) . Resulting values can be remarkably similar, yet the difference between the two extremes is 1641 kJ d
(1 , roughly 30% of mean FMR for this species as a whole (Table 3) . To our knowledge, colony size has not previously been suggested as a factor affecting FMR, but the positive relationship between the two is clear (Table 2, Fig. 3) , and the one exception to this pattern (Nagy and Obst 1992) comes from a study where the authors suspected their FMR values may have been artificially elevated. In fact, the two colonies from which the highest FMR values were obtained are among the six largest colonies of this species in the world, each containing ]120,000 breeding pairs (Esperanza and Cape Crozier; cf. Woehler 1993) .
We wondered whether the pattern observed in Adélie penguins was evident in other colonial seabird species. We found research results based on doubly-labeled water for the same species at multiple sites and/or multiple years for nine other species: Gentoo penguin P. papua (Davis et al. 1989 , Gales et al. 1993 , little penguin Eudyptula minor (Costa et al. 1986, Gales and , wandering albatross Diomedea exulans (Adams et al. 1987 , Shaffer et al. 2001 ), Leach's storm-petrel Oceanodroma leucorhoa , Montevecchi et al. 1992 , black-legged kittiwake Rissa tridactyla (Gabrielsen et al. 1987 , Golet et al. 2000 , Jodice et al. 2006 , common murre Uria aalge (Cairns et al. 1990 , Gabrielsen 1996 , thick-billed murre U. lomvia (Croll 1990 ), black guillemot Cepphus gryle Ricklefs 1986, Mehlum et al.1993) , and least auklet Aethia pusillus Ricklefs 1986, Obst et al. 1995) . In most of these cases FMR was reported as a value that integrated all activities together, or, in one case, FMR was measured during different stages of reproduction for the same species. The often dramatic differences in rate of energy expenditure for birds engaged in flight, prey capture, or resting at sea or on a colony, can cause FMR values for individuals within the same species to vary widely. So, it is potentially misleading to compare FMR values without knowledge of the activity in which measured birds were engaged.
The following were the only three examples in which the energetics of foraging was separated from integrated measures of daily metabolic rate. Although the differences are subtle, for at least two of the three, Leach's storm-petrel and least auklet, at-sea FMR does increase with colony size (Table 4) . For the third, little penguin, available data on colony size are not sufficient for confirmation (Table 4) .
Although not directly comparable to our study for the reasons just reviewed, instructive is a recent study on blacklegged kittiwakes at two colonies in Prince William Sound, Alaska (Jodice et al. 2006 ). Breeders in a small colony (1,500 pairs) were able to increase daily energy expenditure (DEE) in order to take advantage of increased prey availability during one of the study years. In contrast, breeders at the largest colony in the region, five times larger than the small colony (7,500 pairs) and already foraging much farther from the colony than were birds from the smaller colony (Ainley et al. 2004) , were not able to increase The predicted FMR for these same birds using allometric equations for Sphenisciformes (triangles), and all marine birds (squares) is also shown. 
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their energy expenditure further. By increasing DEE breeders in the small colony increased nesting success, something which pairs in the larger colony were unable to do in spite of the increase in absolute prey abundance. This finding is consistent with the results we report here.
An energetic constraint to colony size?
We propose that the positive correlation between at-sea FMR and colony size is due to differences in prey availability (amount or access) induced by intraspecific competition Á the larger the colony, the greater the alteration of prey availability, and the higher the rate of energy expenditure necessary to capture prey (Fig. 4) . Supporting this hypothesis is, again, the study of blacklegged kittiwakes in Prince William Sound (Ainley et al. 2003a , Jodice et al. 2006 , where the frequency of schools of herring Clupea harengus (kittiwake prey) near to the surface increases with distance from the colony, and is also higher near to smaller colonies (see also Lewis et al. 2001 who found the same for gannet Morus bassanus colonies). Also in support are results from our Ross Island study in which penguins increasingly alter their foraging behavior as the breeding season progresses particularly in the case of the larger Cape Crozier colony (Ainley et al. 2004 (Ainley et al. , 2006 . As chicks grow and increase food demand, adults dive deeper (Ballard et al. unpubl. data) and forage farther from the colony, and Cape Crozier penguins, presumably by force of numbers, exclude birds from smaller colonies (Cape Bird and nearby Beaufort Island) from their expanding foraging area (Ainley et al. 2004 (Ainley et al. , 2006 .
How high can FMR go? The ratio of FMR to Basal Metabolic Rate (BMR), sometimes referred to as sustained metabolic scope, has been suggested to represent an energetic ceiling when FMR is time-averaged and measured for animals maintaining constant body mass whose metabolism is fueled by food intake (Peterson et al. 1990 ). FMR/BMR values are known to range from 1.5 to 5.0 for 37 species (5 ectothermic vertebrates, 13 birds, and 19 mammals, including endurance athletes in competition; Table 4 . Intraspecific comparisons of at-sea field metabolic rate (FMR) for seabird species measured with doubly-labeled water, at multiple sites, and controlling for breeding stage.
Species (foraging range, km)
Mean at-sea FMR (kJ d Rearing chicks a Colonysize is equal to the total number of breeding pairs at the study colony plus the total number breeding within the maximum reported foraging range of that colony. In some cases, colony size corresponding to the date of FMR measurements were unavailable. Costa et al. 1986. 5 Gales and Green 1990. 6 Oil dpill response atlas: www.thelist.tas.gov.au Figure 3 . At-sea FMR as a function of colony size for Adélie penguins as measured in five different studies. Data and references are given in Table 3. 6-EV Peterson et al. 1990) , and from 1.8 to 4.8 for seabirds. FMR/BMR ratios are also used to compare energetic effort for specific activities, including walking, swimming, and flying (Ellis and Gabrielsen 2002) . The mean of at-sea FMR/BMR ratios for 11 species of seabirds is 3.7891.59 (Birt-Friesen et al. 1989) . We calculated similar ratios using the at-sea FMR values for Adélie penguins in this and four other studies, and the three published values that we found for BMR (Table 3) . Because FMR increases with colony size, so too does the FMR/BMR ratio. What is instructive is the absolute value of the ratio, well within the expected range if calculated using the highest BMR value (Ricklefs and Matthew 1983) , but ranging as high as 5.5 and 5.0 or greater for birds from the largest two colonies if calculated using the lowest BMR value (Kooyman et al. 1976 ). Whether or not these values represent energetic ceilings, and whether or not Adélie penguins can sustain higher FMR/BMR effort, is debatable (see also Drent and Daan 1980) . What is noteworthy is that these values are among the highest measured for seabirds at sea.
We propose that the positive relationships between colony size, presumed consequent alteration of prey availability, and FMR lead to a constraint on colony size and we believe the Cape Crozier penguins are near that limit (Fig. 4) . By increasing FTD (a proxy for trip distance), a bird may somewhat escape the prey-depleted halo. These longer trips incur a higher TEE (as TEE increases linearly with trip duration, Fig. 2 ). Most important, there is no compensation for longer trips in the form of increased mass gain nor more food fed to chicks, we believe because on the longer trips adults may begin to digest their food load during the return (Ainley et al. 1998) . Unlike king penguins Aptenodytes patagonica, which make weeks-long trips and which have mechanisms to inhibit digestion (GauthierClerc et al. 2000) , evidence is contrary to this in Adélie penguins (Wilson and Culik 1991) . The latter can forestall digestion only until stomach contents warm to body temperature; otherwise, on long trips they bring back less food owing to increased digestion of the food load (summarized in Ainley et al. 1998) . At that distance where the costs, in the form of no increase (or a decrease) in food load despite an increase in TEE, outweigh the benefits of foraging outside the halo, FTD is at a maximum.
Colony size, therefore, may be directly determined by the total number of birds that can successfully rear chicks (who survive subsequent to fledging) by foraging within the radius defined by maximum trip duration (and closely correlated energetic expenditure). Greater difficulty, and related consequences, in finding food near to a colony will lead birds to breed elsewhere (Danchin et al. 1998) . Involved, of course, is the degree to which the parents use up extra time that when food is greatly available provides them with an appreciable cushion (Zador and Piatt 1999, Enstipp et al. 2006) .
Because FMR appears to increase with colony size in at least two other species of seabirds (Table 4) , we suggest that this energetic constraint to colony size, through a densitydependent relationship, may apply to seabirds in general as well as potentially to other colonial species. Implicit in this is the assumption that in the absence of seabird colonies (and other predators), the ocean would everywhere exhibit equal prey abundance and availability. Included among the species for which the relationship is evident is a stormpetrel, which further maximizes its foraging range by having the ability to render the food captured to high energy oil. We predict that the relationship we hypothesize would be most extreme among species that carry food to their young in their bill.
For a given species, there could be regional differences in the ceiling as functions of species' flight and food-storage capabilities (cf. very long duration trips by storm-petrels vs short ones by alcids and small penguins), as well as attributes of food abundance, which in modern times has been altered profoundly in most areas by over-fishing and other direct anthropogenic influences (e.g. Halpern et al. 2008 ; see also references in Introduction). In fact, in the case of the Adélie penguin the few (five) colonies larger than that at Cape Crozier are all located in areas where cetaceans and in some cases finfish have been extirpated; in our study area abundant cetaceans and fish predators help penguins to reduce food supply and/or availability (Ainley et al. 2004 , Ballance et al. 2006 , Ainley and Blight 2009 . Recently, Ainley and Hyrenbach (2009) found that in the north-central California Current, where a significant decline in productivity and zooplankton and fish biomass has Fine stippling indicates foraging area within energetic limit, but not used. Outer circles represent energetic limit to foraging distance. Shading represents time of reproductive season (darker is later). At small colony, individuals forage close to colony throughout season; a large portion of energetically available foraging area remains unused. At medium-sized colony, individuals forage close to colony early in season and farther away later in season due to depletion or alteration of prey availability, but some energetically available foraging area remains unused. At colony of maximum size, individuals forage progressively farther from colony through season, ultimately reaching energetic limit. The density of birds supported by the maximum foraging area directly determines the upper limit to colony size. (B) Study colonies and nearby Adélie penguin colonies (stars). Star size represents relative size of breeding populations (Ainley 2002b) . Semi-circular areas around each colony represent hypothetical, modeled foraging 'halos' (maximum area utilized), based on the observed foraging ranges of penguins from these colonies (using radio and satellite telemetry; Ainley et al. 2004 Ainley et al. , 2006 . been documented, the majority of seabird species that declined (four of six) are those that acquire prey by diving, i.e. the most energetically demanding mode of feeding and therefore the species most likely to reach their energetic limits with a curtailment of prey. Of further relevance, the declines involved the world's largest colonies of two of these diving species * pigeon guillemot Cepphus columba and Cassin's auklet Ptychoramphus aleuticus * and of a third non-diving species, western gull Larus occidentalis; included as well among diving species, sooty shearwater Puffinus griseus, had been the most abundant seabird in the system. This provides something of a test of our proposal concerning colony size and energetic costs of foraging.
